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Purpose: Prospective respiratory-gated 4D CT has been shown to reduce tumor image artifacts by 
up to 50% compared to conventional 4D CT. However, to date no studies have quantified the impact 
of gated 4D CT on normal lung tissue imaging, which is important in performing dose calculations 25 
based on accurate estimates of lung volume and structure. To determine the impact of gated 4D CT 
on thoracic image quality, we developed a novel simulation framework incorporating a realistic 
deformable digital phantom driven by patient tumor motion patterns. Based on this framework, we 
test the hypothesis that respiratory-gated 4D CT can significantly reduce lung imaging artifacts. 
Method: Our simulation framework synchronizes the 4D eXtended Cardiac Torso (XCAT) 30 
phantom with tumor motion data in a quasi real-time fashion, allowing simulation of three 4D CT 
acquisition modes featuring different levels of respiratory feedback: (i) “conventional” 4DCT that 
uses a constant imaging and couch-shift frequency, (ii) “beam paused” 4D CT that interrupts 
imaging to avoid oversampling at a given couch position and respiratory phase, and (iii) 
“respiratory-gated” 4DCT that triggers acquisition only when the respiratory motion fulfills phase-35 
specific displacement gating windows based on pre-scan breathing data. Our framework generates a 
set of ground truth comparators, representing the average XCAT anatomy during beam-on for each 
of 10 respiratory phase bins. Based on this framework, we simulated conventional, beam-paused 
and respiratory-gated 4D-CT images using tumor motion patterns from seven lung cancer patients 
across 13 treatment fractions, with a simulated 5.5 cm
3
 spherical lesion. Normal lung tissue image 40 
quality was quantified by comparing simulated and ground truth images in terms of overall mean 
square error (MSE) intensity difference, threshold-based lung volume error and fractional false 
positive/false negative rates. 
Results: Averaged across all simulations and phase bins, respiratory-gating reduced overall thoracic 
MSE by 46% compared to conventional 4D CT (p ~ 10
-19
). Gating leads to small but significant 45 
(p<0.02) reductions in lung volume errors (1.8% to 1.4%), false positives (4.0% to 2.6%) and false 
negatives (2.7% to 1.3%). These percentage reductions correspond to gating reducing image 
artifacts by 24-90 cm
3
 of lung tissue. Similar to earlier studies, gating reduced patient image dose 
by up to 22%, but with scan time increased by up to 135%. Beam paused 4D CT did not 
significantly impact normal lung tissue image quality, but did yield similar dose reductions as for 50 
respiratory-gating, without the added cost in scanning time. 
Conclusions: For a typical 6 L lung, respiratory-gated 4D CT can reduce image artifacts affecting 
up to 90 cm
3
 of normal lung tissue compared to conventional acquisition. This image improvement 
could have important implications for dose calculations based on 4D CT. Where image quality is 
less critical, beam paused 4D CT is a simple strategy to reduce imaging dose without sacrificing 55 
acquisition time. 
 
Keywords: respiratory-gated 4D CT, beam paused 4D CT, image quality assessment, XCAT 
phantom. 
 60 
1. INTRODUCTION 
 
Respiration-correlated or ‘four dimensional’ computed tomography (4D CT) provides images 
resolved to different phases of the breathing cycle and is commonly used to plan radiotherapy for 
tumor sites affected by respiratory motion (e.g. lung and liver)
1,2
. In the presence of irregular 65 
motion, multi-slice cine mode 4D CT is prone to image artifacts – namely truncation and 
duplication of critical structures owing to mismatches in respiratory phase and displacement 
between adjacent couch positions. A study of 50 abdominal and thoracic patients observed at least 
one artifact of magnitude >4 mm for 90% of 4D CT scans
3
. One mitigation method - prospective 
respiratory-gated 4D CT
 4 – has been shown to reduce artifacts in simulated lung tumor images by 70 
~50% compared to conventional 4D CT
5
. However no studies have quantified the impact of 
prospective respiratory gated 4D CT on normal lung tissue images. To address this gap in 
knowledge, we present the first quantitative analysis of normal lung image quality in respiratory 
gated 4D CT using a deformable digital human phantom driven by patient tumor motion patterns.  
 75 
For lung tumors, it is known that 4D CT image artifacts contribute to target delineation errors of up 
to 10% between 4D CT phase images
6
. A lesser-studied problem is the impact of 4D CT image 
artifacts on estimation of lung volume, which is essential to measuring treatment-related side effects 
for normal lung tissue. Two systematic reviews
7,8
 have demonstrated strong correlations of radiation 
induced lung toxicity to dose-volume parameters including the mean lung dose (MLD) and lung 80 
volume irradiated to <= 20 Gy (V20). For example it is prudent to limit MLD < 20 Gy and V20 < 
30% in order to keep the risk of pneumonitis <20%
7
. However, within these data there are still 
variations within and between studies. Since MLD and V20 are calculated based on lung volume, 
even a small (1%) error in lung volume will add uncertainty and noise masking the true dose-
volume relationships. The use of treatment plans based on single 4D CT phase images, for example 85 
using the mid-ventilation phase
9
 or exhale phase
10
, only emphasizes the need for accurate 
representation of lung geometry in thoracic 4D CT. More recently, accurate thoracic 4D CT images 
have become important for performing phase-matched attenuation correction of 4D-positron 
emission tomography (PET) scans
11
, and applications of deformable image registration including 
adaptive radiation therapy
12
 and CT-ventilation imaging for calculation of functionally-weighted 90 
dose-volume parameters of the lung
13,14
. 
 
Imaging artifacts in conventional 4D CT are mainly due to hardware limitations in dealing with 
irregular motion. Many mitigation methods have been proposed, incorporating improved temporal 
image resolution (faster tube rotation speeds) and increased field of view (multiple detectors)
15
 as 95 
well as audiovisual breathing guidance which can demonstrably improve patient breathing 
regularity
16
. Motion-compensation is a popular approach aiming to interpolate missing or 
discontinuous image data using deformable image registration
17
. However none of these techniques 
can prospectively avoid the acquisition of unnecessary or unwanted data in the presence of irregular 
motion. 100 
 
Prospective respiratory-gated 4D CT aims to reduce the number and magnitude of 4D CT image 
artifacts by limiting acquisition to regular breathing, which can be defined variously in terms of 
real-time displacement, velocity and/or phase criteria. Langner and Keall performed the first 
numerical simulations to investigate the effectiveness of respiratory-gated 4D CT based on real-105 
time displacement and velocity for 103 respiratory motion patterns from 24 free-breathing lung 
cancer patients
4
. Compared to conventional 4D CT, gating reduced the root mean square 
displacement error between consecutive axial slices by up to 20%, and reduced patient imaging 
dose by up to 50% by eliminating image oversampling. These same authors later simulated tumor 
images using a range of displacement gating schemes for 58 patient respiratory traces
5
. Here gating 110 
reduced the mean magnitude of tumor image artifacts by ~50% compared to conventional 4D CT, 
but at the cost of total acquisition time, which was increased by 20-100%. Keall et al. also 
performed proof-of-concept experiments using a rigid-motion anthropomorphic lung slab, 
demonstrating qualitative reduction in imaging artifacts
18
. 
 115 
In contrast to earlier studies, in this work we perform the first simulations of respiratory-gated 4D 
CT with an emphasis on lung image quality. This is achieved using the 4D eXtended Cardiac-Torso 
(XCAT) deformable digital human phantom
19,20
 which has been recently modified to synchronize 
with patient tumor motion patterns
21
. Our simulations encompass three 4D CT acquisition modes 
featuring different levels of respiratory feedback (see Fig. 1 (a)). At the lowest level is conventional 120 
4D CT, which applies a constant imaging and couch-shift frequency based on analysis of pre-scan 
breathing motion. At an intermediate level, we introduce the concept of ‘beam paused’ 4D CT that 
interrupts acquisition where a kV projection has been previously acquired at a particular couch 
position and phase. At the highest level is respiratory-gated 4D CT, which triggers acquisition only 
where the motion fulfills pre-computed phase and displacement criteria based on the pre-scan 125 
breathing motion. The study of beam paused 4D CT allows us to separate the impact of 
displacement gating versus acquisition timing; to our knowledge beam paused 4D CT has not been 
studied before. 
 
We employ our 4D CT simulation framework to compare thoracic image quality for conventional, 130 
beam-paused and respiratory-gated 4D CT acquisition methods for seven lung cancer patients. In 
particular we test the hypothesis that respiratory-gated 4D CT can significantly reduce lung-imaging 
artifacts. A specific novel aspect of our simulation framework is the generation of patient- and 
phase-specific ground truth comparators representing the average XCAT anatomy during the ‘beam-
on’ time; image quality metrics include ground truth comparisons in terms of mean square intensity 135 
difference, and clinically relevant measures of lung image quality including threshold-based lung 
volume error, Dice similarity as well as false-positive and false-negative ratios. Our simulations are 
benchmarked against earlier studies in terms of the impact of respiratory-gating on tumor volume 
estimation, acquisition time and relative imaging dose. 
 140 
2. MATERIALS AND METHODS 
 
2.A. Tumor motion data 
 
We observed tumor centroid positions measured for 30 lung cancer patients in the Cyberknife 145 
Synchrony database
22
. Tumor centroid positions were originally estimated using a correlation 
between the external patient motion and internal fiducial locations with a sampling frequency of 
approximately 25 Hz. As in Ref. 22, tumor motion patterns were visually assessed to exclude data 
points showing no motion (indicating a pause in treatment or reset of the external/internal 
correlation) or significantly large motion at the beginning of the data (reflecting learning time of the 150 
tracking system). Data was linearly interpolated to a constant sampling frequency of 33 Hz. 
  
We selected 8 patients (14 fractions) with mean peak-to-trough tumor motion displacements >5 mm 
(SI) according to the AAPM TG76 guidelines for explicit motion management
23
. The 5 mm cutoff 
was applied to the entire motion trace. Table I summarizes the mean ± standard deviation (STD) of 155 
peak-to-trough displacement in the SI direction, and breathing period for the 14 fractions. These 
values are given separately for the entire motion and the first ~25 seconds corresponding to a pre-
scan training period typical of conventional 4D CT. Note that over half of the tumor motion patterns 
fell below the 5 mm cutoff during training, but exceeded the 5 mm cutoff after training (underlined 
data in Table I). For each data point of the tumor motion patterns, respiratory phase values (0-2π) 160 
were allocated retrospectively, spaced equally in time between adjacent SI displacement maxima, 
corresponding to end-inhale (bin 1). The end-exhale phase was the bin closest to the displacement 
minimum (usually bin 6). 
 
TABLE I. Patient tumor motion characteristics. The table indicates the mean ± standard deviation 
(STD) of peak-to-trough tumor displacement in the SI direction and the mean ± STD breathing 
period. 
*
Patient ID used in this study (ID from Ref. 22). 
†
Calculated for the training period only (25 
s). Underlined values indicate where the mean displacement falls below the 5 mm cutoff. ‡Not used 
for XCAT simulation. 
 
Patient ID
*
 
Fracti
on 
numbe
r 
Mean ± STD 
displacement  
(cm) 
Mean ± STD 
breathing 
period  
(s) 
Mean ± STD 
displacement
†
 
(cm) 
Mean ± STD 
breathing period
†
  
(s) 
Patient 1 (15) 1 1.30±0.21 3.59±0.60 0.87±0.03 3.28±0.60 
Patient 2 (20) 1 1.21±0.30 2.59±0.42 0.87±0.10 2.55±0.08 
Patient 3 (1) 1 0.70±0.17 2.59±0.54 0.43±0.23 2.73±0.25 
Patient 4 (43) 1 0.64±0.16 3.40±0.58 0.46±0.02 3.30±0.15 
 2 0.94±0.30 3.98±0.86 0.57±0.01 3.34±0.80 
 3 0.66±0.25 3.52±0.51 0.32±0.10 3.79±0.33 
 4 0.52±0.22 3.15±0.69 0.29±0.05 3.00±0.17 
 5 0.69±0.33 3.62±0.75 0.48±0.08 3.52±0.58 
Patient 5 (6) 1 0.55±0.19 3.37±0.58 0.29±0.09 3.18±0.26 
Patient 6 (22) 1 0.87±0.47 4.12±1.11 0.70±0.35 2.86±0.94 
 2 0.71±0.46 3.24±1.18 0.47±0.34 3.21±0.66 
 3 0.88±0.45 3.53±1.19 1.04±0.40 3.11±0.74 
Patient 7 (27) 1 0.61±0.19 3.62±0.72 0.53±0.05 3.43 ±0.63 
Patient 8 (33) 
‡
 1 1.00±0.23 3.75±0.52 0.19±0.02 3.39±0.57 
MEAN - 0.81±0.28 3.43±0.73 0.54±0.25 3.19±0.48 
 
2.B. Modified XCAT phantom 165 
 
The original XCAT phantom is based on realistic non-uniform rational basis spline (NURBS) 
surfaces generated as a part of the Visible Human Project
19
. The phantom can be deformed based on 
parameterized motion curves of two control points: one at the dome of the diaphragm (moving in 
the superior-inferior direction, SI) and another on the chest wall (moving in the anterior-posterior 170 
direction, AP). Additionally a spherical lesion (tumor) can be introduced which by default is 
synchronized to the diaphragm and chest motion curves
20
.
 
Mishra et al.
 
recently expanded the 
capabilities of the XCAT phantom to allow irregular tumor motion data as a direct input to drive the 
diaphragm and chest motion
21
. The modified XCAT has been applied to simulate the dosimetric 
effects of conventional 4D CT based margin selection in proton therapy
24 
and to investigate the 175 
generation of volumetric images from electronic portal image device (EPID) images
25
. 
 The procedure to synchronize the anatomic and tumor motion is as follows: First, the SI and AP 
components of tumor motion are copied into the XCAT files containing the diaphragm and chest 
wall motion, respectively. Second, the XCAT is programmed to generate a three-dimensional (3D) 180 
motion field corresponding to the maximal respiratory displacement. Third, the motion field is 
analyzed to obtain the SI (AP) displacement DSI (DAP) at the tumor location. Fourth, the diaphragm 
and chest wall motion curves are multiplied by the scalar factors 1/DSI and 1/DAP yielding 
synchronized anatomic and tumor motion. The synchronization procedure was successful for all 
fractions except Patient 8 where the range of AP motion (~19 mm) exceeded the maximum value 185 
allowed by XCAT. For all other fractions, visual inspection indicated successful synchronization of 
tumor motion with the surrounding anatomy. Owing to the large tumor displacements in our study 
(> 5 mm SI), the simulated lesion was placed just above the dome of the right diaphragm for all 
patients. Following the synchronization procedure, the user can generate 3D images at any time 
point in the tumor motion curve, with time expressed as a fraction of the total signal length. 190 
 
2.C. 4D CT simulation work-flow 
 
All simulations were scripted in MATLAB, beginning with initialization of the modified XCAT 
phantom. The first 25 s of tumor motion was treated as a pre-scan training period to calculate the 195 
average breathing period (Tav), as well as the mean and standard deviation (DAVG and DSTD) of 
tumor SI displacements for each of 10 respiratory phase bins. Following this, the simulations 
stepped through each data point of the tumor motion pattern in sequence, as per the schematic of 
Fig. 1 (b). Here white boxes represent processes common to all three acquisition modes. Gray boxes 
represent processes for beam paused and gated 4D CT, and black boxes represent a process for 200 
gated 4D CT only. 
 
 FIG. 1. 4D CT simulation work-flow: (a) Conventional, beam paused and respiratory-gated 4D CT use 
different levels of respiratory feedback. Filled dots indicate acquisition of a 2D image slice. (b) 4D CT 
simulation algorithm. Gray boxes indicate processes used for both beam paused and gated simulations; the 
black box indicates a process for gated 4D CT only. 
 
For conventional 4D CT, the cine period Tcine = (Tav+1 s) defines the (simulated) time spent at any 205 
one couch position. This approach represents current practice (changed little since the introduction 
of 4D CT), with additional 1 s added to account for the period variations that may occur during the 
scan
26.
 During Tcine, kV acquisition coincides with a simulated tube rotation time of 0.33 s; that is a 
new acquisition is triggered every 0.33 s along the tumor motion trace. Each kV acquisition requires 
the generation of a new XCAT volume based on the tumor displacement; from this we extract 16 210 
consecutive axial slices (thickness 2.5 mm) corresponding to the simulated couch position. The cine 
time is followed by an 'idle time' (one second) to simulate couch movement wherein no kV 
acquisition occurs. This is followed by the onset of a new cine period at the next couch position; 
this repeats until the end of the couch is reached. We simulate 8 couch positions each separated by 
40 mm (16 image slices). 215 
 
For the beam paused and respiratory gating simulations, we implement SI displacement gating 
windows with boundaries located at (DAVG ± Γ x DSTD) for each phase bin. Here Γ is the gating 
tolerance; gated simulations used a small tolerance (Γ=1) whereas beam paused simulations used a 
large tolerance (Γ=300; essentially no displacement gating). Fig. 2 shows the mean ± STD of upper 220 
and lower gating window limits averaged over all tumor traces for the case of Γ=1. Averaging over 
all the phase bins, the mean gating window width was 1.9 ± 0.3 mm. 
 
For the respiratory-gated simulations, kV acquisition only occurs if the respiratory signal falls 
within the corresponding phase-dependent gating window. An additional constraint is that kV 225 
acquisition is paused where an image at a given couch position and respiratory phase has already 
been acquired. Unlike conventional 4D CT, the beam paused and respiratory-gated methods are 
allowed a maximum cine period Tcine  = 20 s. Note that the acquisition times for beam paused and 
respiratory-gated 4D CT are not necessarily longer than for the conventional 4D CT, since an early 
couch move is triggered once images for all 10 phase bins are acquired. 230 
 
For each simulated 4D-CT scan, we require 1200 kV acquisitions to obtain a complete 4D sampling 
of the thorax geometry, that is 120 slices for each 4D phase image. In the event that an acquisition 
misses slices at a particular couch position and phase, the missing slices are replaced using slices at 
the same couch position in the closest available phase bin. In the event where oversampling has 235 
occurred (multiple images at the same couch position and phase), only the first acquired image is 
selected; discarded images represent wasted imaging dose. 
 
 
FIG. 2. Average upper and lower limits for phase-specific displacement gating windows (filled and hollow 
circles, respectively). Crosses show the mean displacement. Results shown for gating tolerance Γ=1. 
 240 
In general our simulations can be described as ‘quasi real-time’ in the sense that: (i) the respiratory 
phase was pre-calculated based on a retrospective analysis of the entire motion trace, and (ii) the 
generation of each XCAT volume takes about 60 seconds of processing time, much longer than the 
simulated tube rotation time. Additionally, the acquisition is considered to occur instantaneously 
and any blurring due to finite tube rotation speed is not modeled. 245 
 
2.D. Generation of ground truth XCAT images 
 
One difficulty in assessing conventional 4D CT image quality is that the mean tumor displacement 
may vary between the training and imaging periods (c.f. Table I); thus any ground truth image based 250 
on the training period may not provide a fair comparison. Rather, we obtain ground truth volumes 
by accumulating an average of all XCAT volumes generated for each phase bin. These ground truth 
images exhibit some blurring due to intra-phase displacement variation, which can be significant 
and differs markedly between different acquisition modes (see example in Fig. 3). Our image 
quality metrics compare each simulated 4D-CT phase image to the average XCAT anatomy for that 255 
particular combination of acquisition mode and phase bin. 
 
 
FIG. 3. Coronal XCAT images for Patient 6, fraction 2 (end-inhale phase). The different rows show the 
simulated 4D CT image (upper), the corresponding ground truth image (middle) and difference image 260 
(lower). Columns show different 4D CT acquisition modes: conventional (left), beam paused (middle) and 
gated (right).  
 
2.E. Segmentation of lung and tumor structures 
Lung volumes were calculated via simple threshold-based segmentation, incorporating all non-zero 
voxels with intensities less than half of that of fat tissue. Tumor segmentation was performed by 265 
regenerating all images with the tumor intensified by a factor 10; voxels with intensity greater than 
20% of the intensified tumor intensity were counted towards the tumor volume. Fig. 4 shows 
sample segmentation results for the conventional ground truth image from Fig. 3. 
 
 270 
FIG. 4. Threshold-based segmentation of lung and tumor volumes: ground truth image used for lung 
segmentation (left); tumor-intensified ground truth image (middle); lung and tumor segmentation 
superimposed on original ground truth image (right).  
 
2.F. Image quality metrics 275 
 Image quality metrics included comparisons of simulated and ground truth images in terms of mean 
square error (MSE) intensity difference, and in terms of the Dice similarity coefficient (DSC), false-
positive (FP) and false-negative (FN) rates for segmented lung and tumor volumes. These metrics 
are compared using two-tailed paired t-tests, after averaging over all fractions and phase bins. 280 
  
The DSC values describe the volumetric overlap of a simulated structure (Vsim) with the ground 
truth (VGT)
27
 Meanwhile FP values give the fraction of simulated structure not overlapping with the 
ground truth, and FN values give the fraction of ground truth structure not overlapping with the 
simulated structure. In other words DSC indicates the structure that is correctly imaged or true-285 
positives, whereas FP and FN relate to the incidence of duplication and truncation artifacts, 
respectively. These are calculated as follows: 
 
DSC = 2 |Vsim ∩ VGT| / (|Vsim| + |VGT|)       (1) 
 290 
FP = (|Vsim| - |Vsim ∩ VGT|) / |Vsim|        (2) 
 
FN = (|VGT| - |Vsim ∩ VGT|) / |VGT|        (3). 
 
Acquisition time includes the sum of cine and idle times from all couch positions. Meanwhile the 295 
number of acquired images can be used as a measure of relative imaging dose, and is normalized to 
the number of images acquired by the conventional method. 
 
3. RESULTS 
 300 
3.A. Comparisons of thoracic image quality 
 
3.A.1. Intensity mean square error 
 
The boxplot of Fig. 5 (a) shows thoracic MSE averaged over all fractions, as a function of 305 
respiratory phase bin. The conventional and beam paused methods perform similarly with a mean ± 
STD of (2.5 ± 0.3)×10-6 and (2.4 ± 0.3)×10-6 intensity units, respectively. Gating reduced MSE by 
46%, with an average (1.3 ± 0.1)×10
-6
. Compared to conventional 4D CT, gating had a significant 
impact on MSE (p ~ 10
-19
), whereas beam paused acquisition did not (p = 0.37). Using gating, MSE 
was smallest around phases 4-5, similar to a previous study where breathing phases close to end-310 
exhale were less subject to motion artifacts
28
. The shaded bands of Fig. 5 (b) shows the mean ± 
STD of cumulative intensity differences averaged over all fractions and phase bins. Qualitatively, 
the distributions for conventional and beam paused acquisitions tend to overlap, indicating no 
difference in image quality. Meanwhile the distribution for gated 4D CT is distinct to the others, 
yielding a larger fraction of voxels below any given error value.  315 
 
 3.A.2. Errors in lung volume and structure  
 
Fig. 6 compares simulated and ground truth segmented lung structures in terms of (a) absolute 320 
volume error, (b) lung DSC, (c) false positive rate and (d) false negative rate. Compared to 
conventional 4D CT, gating reduced the (mean ± STD) of absolute volume error from (1.8 ± 0.7)% 
to (1.4 ± 0.6)%, reduced false positives from (4.0 ± 0.7)% to (2.6 ± 0.4)% and reduced false 
negatives from (2.7 ± 0.6)% to (1.3 ± 0.2)%. Gating also improved the mean lung DSC slightly 
from (0.97 ± 0.01) to (0.98 ± 0.01). For each of these comparisons, respiratory gating had a 325 
significant impact (p < 10
-10
). Corresponding results for beam paused 4D CT were not significantly 
different to conventional 4D CT (p > 0.70 in all cases). 
 
FIG. 5. (a) Intensity MSE between simulated and ground truth 4D CT images. (b) Cumulative 
distribution of intensity errors averaged over all fractions and phase bins. 
 FIG. 6. Comparison of simulated and ground truth segmented lung volumes for all studied cases. (a) Mean 
percentage volume difference, (b) mean Dice similarity coefficient, (c) mean false positive rates (% volume), 
and (d) mean false negatives (% volume). 
 330 
3.A.3. Errors in tumor volume and structure 
 
Fig. 7 compares simulated and ground truth segmented tumor structures in terms of (a) absolute 
volume error, (b) DSC, (c) false positive rate and (d) false negative rate. Compared to conventional 
4D CT, gating reduced the mean ± STD of absolute volume error from (30.2 ± 3.3)% to (18.0 ± 335 
3.0)%, false positives from (5.2 ± 7.4)% to (1.1 ± 2.7)% and false negatives from (33.0 ± 3.1)% to 
(18.9 ± 3.0)%. Gating also improved the average tumor DSC from (0.77 ± 0.05) to (0.88 ± 0.03). 
For each of these comparisons, the effect of respiratory gating was statistically significant (p < 10
-18
 
in all cases). Beam paused acquisition was significantly different to conventional 4D CT only in 
terms of the average false positive rate of (2.2 ± 3.4)%  with p~10
-9
. 340 
 
 FIG. 7. Comparison of simulated and ground truth segmented tumor structures in terms of: (a) mean 
percentage volume difference, (b) mean Dice similarity coefficient, (c) mean false positives (% volume), and 
(d) mean false negatives (% volume). 
 
In general, the volume-based metrics in Figs. 6 and 7 performed worse for tumor structures than for 
lung structures. This is due to the large amount of intra-phase displacement variation (c.f. Fig. 2) 345 
leading to blurred/expanded tumor structure in the ground truth images (c.f. Fig. 4). The blurring 
effect appears relatively larger for tumor structure than for lung volumes. Compared to the specified 
spherical lesion volume of 5.5 cm
3
, the (mean ± STD) of ground truth tumor volumes were (8.6 ± 
0.7) cm
3 
for conventional 4D CT, (8.8 ± 0.5) cm
3 
for beam paused 4D CT and (7.0 ± 0.5) cm
3
 using 
respiratory-gating. Thus gated 4D CT not only performed better in terms of the ground truth 350 
comparisons of Figs. 6 and 7, but the ground truth images themselves suffered from less blurring as 
a result of the displacement gating. 
 
3.A.4. Inter-fraction variability of image quality 
 355 
Fig. 8 (a) compares sagittal views of segmented lungs between different fractions and acquisition 
modes for Patient 4 (end-inhale phase). Here the segmented lungs are divided into true positive 
(green), false positive (yellow) and false negative (red). White indicates the intensified tumor. We 
see that gating has had a larger effect for fraction 2 (displacement gating window 1.5 mm) than for 
fraction 3 (1.2 mm). Interestingly the conventional 4D CT image for fraction 2 shows significant 360 
shearing due to AP motion, which is reduced using SI-based displacement gating. 
 
Fig. 8 (b), shows the ratio of conventional-to-gated MSE as a function of the SI gating window 
DSTD across all patients and fractions. We found that 91% of cases exhibited a ratio > 1 indicating 
reduced MSE as a result of gating.  Calculating linear correlations above and below the median 365 
DSTD of 0.68 mm we obtained r (p) values of 0.10 (0.41) and -0.26 (0.04) respectively. In other 
words the effectiveness of gating decreased with increasing DSTD up to around 1 mm but there was 
not a clear trend outside of this range.  
 
 370 
FIG. 8. (a) Comparing segmented lung volumes for different fractions of patient 4 (end-inhale). Segmented 
lungs are divided into regions corresponding to true positive (green), false positive (yellow) and false 
negative (red). White indicates the intensified tumor. (b) MSE conventional to gated ratio versus the gating 
window (STD of SI displacement). 
 375 
3.B. Comparisons of acquisition time and imaging dose 
 
Figure 9 shows the acquisition times and relative imaging dose (i.e. number of acquired image 
slices) for the three 4D CT imaging scenarios for the first fraction of each patient. Note this data 
includes patient 8, for which XCAT volumes were not generated. Compared to conventional 4D CT, 380 
the beam paused method resulted in slightly longer acquisition times, with a (mean ± STD) increase 
of (8.2 ± 10.0)% and an average reduction of the image dose by (7.7 ± 7.1)%. The beam paused 
method was able to achieve ideal 4D sampling, that is it acquired exactly 1200 images across the 
entire range of couch positions and respiratory phases. In contrast, the conventional method has 
imperfect 4D sampling, with at least 63% of scans involving acquisition of at least one duplicate 385 
slice. 
 
Respiratory-gating increased the average acquisition time by (84.3 ± 39.1)% compared to 
conventional 4D CT, with a maximum increase of 135%. Gating led to a relative imaging dose 
reduction of (11.1 ± 9.2)%. This is larger than the dose reduction for beam paused 4D CT, the 390 
difference being that gated 4D CT suffers from some missing slices. In two cases (patients 2 and 6) 
all three methods achieved the same relative dose. This is a result of the average breathing period 
being such that the conventional method performs exactly 10 acquisitions in each cine duration 
period. This is the same number of acquisitions performed for the beam paused and respiratory-
gated methods at each couch position. In general, dose reduction is higher for patients with longer 395 
breathing period. 
 
 
FIG. 9. (a) Acquisition time and (b) dose for conventional, beam paused and gated 4D CT acquisition. 
 400 
4. DISCUSSION  
 
In this work we developed a simulation framework to compare thoracic image quality between 
conventional, beam-paused and prospective respiratory-gated 4D CT. Our simulations have been 
benchmarked against earlier numerical studies of gating effectiveness by Langner and Keall
4,5
; 405 
similar to those studies, we found that respiratory-gating reduced tumor volume differences by 
around 60% and relative image dose by up to 17%, but at the cost of scanning time, which increased 
by up to 150%. 
 
Our simulations support the hypothesis that respiratory-gated 4D CT reduces normal lung image 410 
artifacts compared to conventional 4D CT. Averaged over all simulations and phase bins, the most 
significant impact of respiratory-gating was on the thoracic MSE, which was reduced by 46% 
(p~10
-19
). The impact of gating on the accuracy of lung volume and structure was small, but still 
significant: gating reduced lung volume errors from 1.8% to 1.4%, reduced false positives from 
4.0% to 2.6% and false negatives from 2.7% to 1.3%. These differences exhibited p-values <0.02. 415 
For a typical 6L lung, these percentage reductions correspond to respiratory-gating reducing image 
artifacts by up to 90 cm
3
 of lung tissue compared to conventional 4D CT. This could have important 
dosimetric implications where the image quality improvement is observed near the tumor.  
 
Compared to conventional 4D CT, beam paused 4D CT did not significantly impact image quality 420 
or acquisition time, but still yielded similar dose reductions as for respiratory-gating. This is best 
observed by comparing the level of diaphragm-blur in the ground truth images of Fig. 3. From this 
figure it is apparent that beam-paused 4D CT produces different ground truth images to 
conventional 4D CT, which is a result of the altered acquisition timing. However only the 
respiratory-gated method reduces the diaphragm-blur (and subsequently, reduces image artifacts in 425 
the simulated 4D CT acquisitions). This is because respiratory-gating reduces the range of intra-
phase tumor displacements during which the anatomy is actually imaged. 
 
We observed that respiratory-gated 4D CT produced the best image quality (smallest MSE) around 
the end-exhale phase. In light of this, a potential additional advantage of respiratory-gated 4D CT, 430 
though not studied here, is the ability to limit image acquisition (and thus imaging dose) to selected 
respiratory phases known to exhibit better image quality. As an example, if we can prospectively 
gate the 4D CT acquisition at maximal exhale during normal free-breathing, then we can obtain the 
equivalent of a 4D CT exhale phase image without having to acquire the other phase images. This 
would be useful for reducing the patient imaging dose required to perform gated treatment planning. 435 
  
A few issues still need to be addressed to achieve prospective respiratory-gated (or beam paused) 
4D CT in practice. One challenge is that the benefit of respiratory gating appears to vary with the 
tumor motion characteristics; we found that the gating-effectiveness decreased with increasing 
width of the displacement gating window in the range 0-1 mm. Thus respiratory-gated 4D CT could 440 
potentially benefit from phase-specific tolerance factors, providing gating windows <1 mm across 
all phase bins.  
 
Another challenge is that, in the case where respiratory motion becomes irregular/unstable outside 
of the training period or undergoes a baseline shift, then pre-calculated displacement gating 445 
windows may spontaneously become too narrow to allow acquisition within an acceptable time-
frame. A range of mitigation methods may be possible, for example adaptive recalculation of gating 
windows over the course of acquisition, or adaptive-switching between the beam paused and 
respiratory-gated methods, which differ only in the choice of gating threshold and cine duration 
times. In cases where AP motion is larger than SI motion, adaptive selection of the gating direction 450 
based on the direction of largest motion could also be considered. 
 
Beyond these considerations, we point out a few limitations of this study. One limitation is that we 
not investigated the impact of different tumor locations on the synchronized XCAT motion. In cases 
where motion data from upper lobe tumors was mapped to the dome of the diaphragm, the resulting 455 
diaphragm and chest motion may have been under-estimated. As a result our simulations could 
represent a lower bound for the effectiveness of respiratory-gating. 
 
Another limitation is that our calculations of breathing phase were based on retrospective analysis 
of the respiratory motion motion. In other words, our simulation did not model the possible effects 460 
of system latency that may impact real-time phase calculation in a practical implementation. The 
use of a respiratory signal based on internal fiducials could also be considered a limitation in that 
the majority of clinical respiratory monitoring systems are based on external tracking (for example 
via spirometry, mechanical pressure/strain belts, or optical monitoring of surfaces/reflective blocks) 
that may suffer reduced positional accuracy or reduced correlation with respect to the internal tumor 465 
motion
29-31
. It will be important to understand the impacts of system latency, positioning accuracy 
and external / internal motion correlation on the effectiveness of respiratory gated 4D CT. This will 
require additional modification of the XCAT to encompass deformation based on various external 
control points and may be the subject of a future study. 
 470 
Ultimately, the question of ‘which 4D CT acquisition method is best’ is subjective to the extent that 
it requires some judgment of the relative importance of image quality, imaging dose and acquisition 
time in a clinical work-flow. For lung cancer radiation therapy, improved thoracic 4D CT image 
quality can improve not only the delivery of conformal and homogeneous dose to the tumor, but 
also the accuracy of lung dose-volume parameters used to minimize lung toxicity. We expect that 475 
these combined benefits will be worth the small potential increase in scan-time. In cases where 
gating avoids the need for re-scanning due to poor image quality, the total imaging time may even 
be reduced. 
 
5. CONCLUSION 480 
 
We have developed a framework for simulating thoracic image quality in respiratory gated 4D CT. 
Compared to conventional 4D CT, respiratory gating can reduce imaging artifacts by 1-2% of the 
total lung volume, whilst also reducing patient imaging dose. However the degree of image quality 
improvement is closely related to the definition of the gating window and to the tumor motion 485 
characteristics. The potential benefits of improved normal lung imaging must also be balanced 
against the potential drawback of increased acquisition time. As an alternative, beam paused 4D CT 
is a simple strategy to reduce imaging dose without sacrificing acquisition time. 
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